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============

The goal of this study was to discover cellular genes required for viral replication with the aim of developing anti-viral agents. We employed gene-trap insertional mutagenesis, an approach utilizing a promoterless vector that randomly integrates into the host genome, thereby disrupting (trapping) host genes. There is an absolute requirement for a cellular-based promoter to drive expression of a vector-derived selectable marker conferring neomycin resistance. Libraries of gene-trap insertional mutants \[[@CR1]\] were used to select for resistance to lytic infection with a variety of viruses. Using this approach, we have identified over 1,000 candidate cellular genes whose disruption confer survival following exposure to otherwise lytic viral infections \[[@CR2]--[@CR8]\], or *Clostridium perfringens* epsilon toxin \[[@CR9], [@CR10]\]. Candidate genes mediating viral infection are identified in surviving clones by sequencing across genomic integration sites with primers annealing to the U3NeoSV2 vector used for insertional mutagenesis.

While protein-encoding genes accounted for over 90 % of the candidate genes identified, the gene-trap insertional mutagenesis vector also inserts into non-protein-encoding genes. These include small nucleolar RNAs (snoRNAs), which are involved in maturation processes of ribosomal RNAs (rRNAs), small nuclear RNAs (snRNAs), transfer RNAs (tRNAs), and messenger RNAs (mRNAs) \[[@CR11]\]. Results presented herein suggest the involvement of two novel classes of snoRNAs in viral replication: SNORAs containing conserved H/ACA boxes that participate in nucleotide pseudouridylation, and SNORDs containing C/D boxes that participate in 2′-*O*-methylation (Fig. [1](#Fig1){ref-type="fig"}) \[[@CR11]\]. SNORAs and SNORDs function by assembling into respective small nucleolar ribonucleoprotein complexes (snRNPs), and serve as guide RNAs to direct complimentary target RNA nucleotide modification and aid translation (reviewed in \[[@CR12]\]). SNORA/Ds also regulate other cellular processes including alternative splicing, mRNA editing \[[@CR13]\], and miRNA-like silencing \[[@CR14]\]. Interestingly, a recent study utilizing a promoter trap to randomly inactivate cellular alleles revealed that SNORDs 32a, 33, and 35a contribute to stress-induced apoptosis \[[@CR15]\]. Potential roles for this novel RNA class in viral replication are considered.Fig. 1**a** SNORAs are composed of two nearly complementary hairpin loops and two single stranded regions with conserved H and ACA boxes. The H box sequence is ANANNA, where N can be G, U, A, or C. Bulging within the hairpin loops allow complementary base pairing with target RNA sequences. SNORAs assemble into small nucleolar ribonucleoprotein (snRNP) complexes that catalyze isomerization of the first unpaired uridine in the bulge region to pseudouridine (Ψ). Pseudouridylation occurs 14--16 nucleotides upstream of either the H box, the ACA box, or both. **b** C/D box-containing SNORDs assemble into snRNPs in complex with complimentary target RNAs, and catalyze 2′-*O*-ribose methylation. Imperfect copies of the C and D boxes, termed C′ and D′ may be located internally. SNORDs interact with target RNAs via either of the 10--21 nucleotide antisense regions to guide snRNP-catalyzed 2′-*O*-ribose methylation 5 nucleotides upstream of the D or D′ box

Materials and Methods {#Sec2}
=====================

Cell Lines and Viruses {#Sec3}
----------------------

Cell lines used for gene-trap studies were obtained from the NIH AIDS Research and Reference Reagent Program (TZM-bl cells) or American Type Culture Collection (ATCC) (HepG2, Hep3B, L, MDCK, and Vero E6). Cowpox virus (CPV, Brighton strain), influenza virus (FLU, A/PR/8/34 strain, H1N1), human rhinovirus 2 (HRV2, HGP strain), human rhinovirus type 16 (HRV16, 11757 strain), poliovirus (PV, Chat strain), and respiratory syncytial virus (RSV, A2 strain) were obtained from the ATCC. Ebola virus (EBO, Zaire species, 1976 Mayinga strain) and Marburg virus (MBG, 1967 Voege strain) were studied in a BSL4 containment facility at the Centers for Disease Control and Prevention (Atlanta, GA, USA). *Herpes simplex* virus type 1 (HSV1, KA Strain) and type 2 (HSV2, 186 strain) were kindly provided by Drs. David Knipe (Harvard University) and Patricia Spear (Northwestern University), respectively. Dengue Fever Virus type 2 (DFV2, 16681 strain) was a generous gift from Dr. Guey Perng (Emory University). Reovirus type 1 (REO, Lang strain) was initially obtained from Bernard N. Fields. The U3neoSV1 retrovirus shuttle vector \[[@CR16]\] was obtained from H. Earl Ruley (Vanderbilt University) and used as an insertional mutagen to prepare gene-trap libraries with parental, virus-sensitive cells as outlined previously \[[@CR4], [@CR7], [@CR8], [@CR10]\].

Generation of Cells Lines Resistant to Lytic Viral Infection from Gene-Trap Libraries {#Sec4}
-------------------------------------------------------------------------------------

Methods detailing the generation of clonal gene-trap library cell lines resisting lytic REO infection (RIE-1 cells), CPV, EBO, HSV2, MBG virus infection (Vero E6 cells), and FLU infection (MDCK cells) have been described previously \[[@CR2], [@CR4], [@CR5], [@CR7], [@CR8]\]. Clonal library cells resisting lytic infection were selected in Hep3B cells (DFV2), TZM-bl cells (HRV2 and HRV16), and Vero E6 cells (HSV1, PV, and RSV), using a similar approach. Briefly, gene-trap libraries, each harboring approximately 10^4^ gene entrapment events, were expanded to 80--90 % confluency until approximately 10^3^ daughter cells represented each clone. The indicated cell lines were infected with DFV (MOI = 0.0002), PV (MOI = 0.001), HRV2 or HSV1 (MOI = 0.005), HRV16 (MOI = 0.01), or RSV (MOI = 0.05). Infection proceeded until \>90 % of cells were dead (3--7 days), and then the medium was changed every 2--3 days until surviving clones were visible (generally 2--3 weeks). Surviving clones were detatched with trypsin, expanded, and re-infected at a tenfold higher MOI to confirm resistance. Resistant clones showing \>70 % survival following re-infection were selected for expansion to identify trapped genes.

U3neoSV1 Shuttle Vector Rescue and Sequencing {#Sec5}
---------------------------------------------

Genomic DNAs from clonal virus-resistant cell lines were extracted using a QIAamp DNA Blood Mini kit (QIAGEN, Inc., Valencia, CA, USA). Shuttle vectors and genomic DNA flanking the U3neoSV1 integration site were recovered by restriction enzyme digests of genomic DNA, self-ligation, transformation into *Escherichia coli*, and sequencing the resultant carbenecillin-resistant plasmids to identify trapped genes, as described \[[@CR7]\].

RNA Interference and qRT-PCR Studies {#Sec6}
------------------------------------

SNORA/Ds were screened by RNAi for functional roles in viral replication against a panel of six viruses (CPV, DFV2, FLU, HRV16, HSV2, and RSV). Inhibition of viral production was determined by measuring viral RNA production in culture supernatants by quantitative real time PCR (qRT-PCR). The same cell lines used for gene-trap studies (Table [1](#Tab1){ref-type="table"}) were used for RNAi screens, with the exception that RNAi screens against FLU were performed in human HepG2 cells instead of canine MDCK cells.Table 1Candidate H/ACA and C/D box small nucleolar RNAs identified in disrupted genes mediating lytic viral infectionDisrupted host geneAssociated SNORA or SNORD gene(s)Virus(es)No. of independent gene disruptions^a^AP1G1SNORD71HSV21BAT1SNORD84, SNORD117HSV21C12ORF41SNORA2A, SNORA2B, SNORA34HSV21EIF3ASNORA19REO1HSPA8SNORD14C, SNORD14D, SNORD14EDFV21IARSSNORA84RSV1LOC100507303SNORD60HRV163MATR3SNORA74AHRV16, HSV1, HSV25Monocistronic^b^SNORA76, SNORD104HRV16, HSV2, RSV4MonocistronicSNORD3B-2PV1MonocistronicSNORD93HRV163NAP1L4SNORA54EBO1PRRC2ASNORA38HSV2, MBG2PRRC2BSNORD62A, SNORD62BRSV1RAB30SNORA70EHRV16, HSV22RBMXSNORD61HSV22RCC1-SNHG3SNORA73A, SNORA73BDFV2, FLU, HSV2, HRV16, HRV254RPL10SNORA70HRV161RPL17SNORD58A, SNORD58B, SNORD58CHRV16, HSV2, RSV4RPL21SNORA27, SNORD102DFV21RPL27ASNORA3, SNORA45HRV161RPL3SNORD43, SNORD83A, SNORD83BCPV, HRV162RPL4SNORD16, SNORD18A, SNORD18B, SNORD18CHRV161RPL7ASNORD24, SNORD36A, SNORD36B, SNORD36CREO3RPS11SNORD35BFLU1RPS12SNORA33, SNORD100, SNORD101HRV161RPS8SNORD38A, SNORD38B, SNORD46, SNORD55HSV2, RSV2RPSASNORA6, SNORA62HRV2, HRV161SNHG1SNORD22, SNORD25, SNORD26, SNORD27, SNORD28, SNORD29, SNORD30, SNORD31HRV16, HSV25SNHG2SNORD44, SNORD47, SNORD74, SNORD75, SNORD76, SNORD77, SNORD78, SNORD79, SNORD80, SNORD81CPV, HRV2, HRV16, HSV2, REO, RSV17TAF1DSNORA1, SNORA8, SNORA18, SNORA25, SNORA32, SNORA40, SNORD5, SNORD6HRV2, HRV16, RSV14ZNFX1-AS1SNORD12, SNORD12B, SNORD12CDFV21*CPV* cowpox virus, *DFV2* Dengue Fever Virus 2, *EBO* Ebola virus, *FLU* influenza A, *HRV2* and *HRV16* human rhinovirus 2 and 16, *HSV1* and *HSV2* *Herpes simplex* virus 1 and 2, *MBG* Marburg virus, *PV* poliovirus, *REO* reovirus, *RSV* respiratory syncytial virus^a^Refers to the number of times the indicated host genes were independently disrupted in clonal cell lines surviving lytic infection^b^Monocistronic genes are not encoded within predicted introns or exons of cellular genes

Cells were seeded in 6-well plates (10^5^ cells/well) and transfected in duplicate wells with 50 nM siRNAs (Dharmacon, Inc.) targeting candidate SNORAs or SNORDs, along with relevant negative and positive control siRNAs (*n* = 2 independent experiments). AllStars Negative Control siRNA (Qiagen, Inc.) or a non-targeting siRNA (Dharmacon, Inc.) served as negative control siRNAs. Negative controls were used to normalize qRT-PCR results to 100 %. siRNAs targeting viral genes were used as positive controls, as follows: D5R and D7R (CPV), PrM (DFV2), PA (FLU), 2C and VP4 (HRV16), UL29 (HSV2), and the P gene (RSV). Duplicate wells were seeded for uninfected and infected controls, lacking transfection reagents. Hep3B, HepG2, and Vero E6 cells were transfected with 50 nM siRNAs using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA), whereas TZM-bl cells were transfected with siRNAs using HiPerfect (Qiagen, Inc.).

Cells were infected at 48 h post-transfection, using MOIs of 1 (cowpox and HSV2), 0.1 (FLU), 0.01 (HRV16 and RSV), or 0.001 (DFV2). Cells were infected for 2 h at either 37 °C (CPV, DFV2, HSV2, FLU, or RSV) or 33 °C (HRV16). Following the 2-h incubation period, cells were washed with PBS and fresh medium was added. At 3 days post-inoculation, culture supernatants were clarified by centrifugation and 200 μL was lysed in preparation for RNA extraction, using an epMotion 5075 Workstation (Eppendorf) and the PureLink 96 Total RNA Purification Kit (Invitrogen). Total RNA was reverse transcribed using random hexamers (Applied Biosystems, Foster City, CA, USA), and qRT-PCR was performed using an Eppendorf Mastercycler RealPlex^2^ system, with TaqMan assays developed that detect viral DNAs. To generate standards curves, amplicons produced during real time PCR detection of each viral cDNA were cloned into the pCRII vector (Invitrogen). qRT-PCR was performed using freshly prepared standards, serially diluted over eight logs of copy numbers.

Results and Discussion {#Sec7}
======================

We observed that 83 candidate SNORA and SNORD genes were potentially disrupted in clonal cell lines surviving viral infection (Table [1](#Tab1){ref-type="table"}). Most candidate SNORA/D genes (79/83) occur as intronic sequences encoded within 29 host genes, although 4 SNORA/Ds: SNORA76, SNORD3B-2, SNORD93, and SNORD104, are monocistronic. As indicated in Table [1](#Tab1){ref-type="table"}, over half of the host genes encoding SNORA/Ds were disrupted at multiple independent integration sites with the insertional mutagen vector U3neoSV1, and/or were identified in cell lines surviving selection with multiple (2--6) independent viruses. Several SNORA/Ds implicated in our gene-trap studies reside within genes that have been previously been shown to be important for viral infection. For example, BAT1 \[[@CR17]\], EIF3A \[[@CR18]\], HSPA8 \[[@CR19]\], RPS11 \[[@CR19]\], and RPS8 \[[@CR19]\] influence influenza A infection, and HIV infection may depend on RPL10A \[[@CR20]\]. These data indirectly suggested that SNORA/Ds might serve as a previously unknown class of cellular RNAs important for viral replication.

To test this hypothesis, we knocked down expression of a variety of SNORA/Ds with siRNA and examined the resulting cells for susceptibility to six different viruses (Table [2](#Tab2){ref-type="table"}). Expression of nine SNORA/Ds encoded within RCC1 (which also encodes the shorter non-coding SNHG3 gene), or SNHG1 were silenced with siRNAs for 2 days prior to infection with either cowpox virus (CPV), Dengue Fever virus (DFV), influenza A (FLU), human rhinovirus 16 (HRV16), *herpes simplex* virus 2 (HSV2), or respiratory syncytial virus (RSV). Following a 2-h inoculation, cells were washed to remove inocula, and viral production in culture supernatants was measured by quantitative real time PCR using TaqMan assays annealing to viral genomic sequences. SNORA/Ds tested in siRNA screens were found to limit the capacity of viruses to replicate, with, eight out of nine siRNA-treated cells failing to support replication of three of more viruses (Table [2](#Tab2){ref-type="table"}). While a previous study showed that RCC1 supports HSV1 replication \[[@CR21]\], we did not observe that silencing RCC1 or the non-coding Small Nucleolar RNA Host Gene 3 (SNHG3) inhibits HSV2 (data not shown), whereas inhibiting expression of the RCC1-encoded SNORA73A did. RCC1 may be alternatively spliced to include some transcripts to contain SNHG3, and these data may be consistent with SNHG3 serving minimal function in viral infection. As has been observed with SNHG2 (GAS5) \[[@CR22]\], SNHG1 is a non-coding gene whose intronic SNORDs are stable and well-conserved between human and mouse, unlike their encoded exons \[[@CR23]\]. Thus, silencing of SNORDs encoded within SNHG1 may be expected to account for the observed viral inhibition, rather than the associated transcript.Table 2Broad-spectrum utilization of small nucleolar RNAs in viral replicationTrapped host geneEncoded SNORA/D tested by siRNAVirus used in gene trapping study^a^Inhibition of viral replication with siRNAs targeting select SNORAs or SNORDs^b,c^CPVDFVFLUHRV16HSV2RSVRCC1-SNHG3SNORA73ADFV, FLU, HRV16, HRV2, HSV2××××SNHG1SNORD22HRV16, HSV2×××××SNHG1SNORD25HRV16, HSV2×××××SNHG1SNORD26HRV16, HSV2××××SNHG1SNORD27HRV16, HSV2×××SNHG1SNORD28HRV16, HSV2××SNHG1SNORD29HRV16, HSV2××××SNHG1SNORD30HRV16, HSV2×××××SNHG1SNORD31HRV16, HSV2×××××^a^Viruses used in gene trapping and siRNA validation studies are abbreviated as follows: *CPV* cowpox virus, *DFV2* dengue fever virus type 2, *FLU* influenza A virus, *HRV2* human rhinovirus 2, *HRV16* human rhinovirus 16, *HS2* *Herpes simplex* virus 2, *RSV* respiratory syncytial virus. HRV2 was used in gene trapping studies only^b^Cells were transfected with siRNAs and later infected with the indicated viruses, as described in the "[Materials and Methods](#Sec2){ref-type="sec"}" section. Briefly, final concentrations of 50 nM siRNA in culture supernatants were used for all transfections. Cells were then inoculated with MOIs of 1 (CPV, HSV2), 0.1 (FLU), 0.01 (HRV16, RSV), or 0.001 (DFV2) for 2 h, washed with PBS, given fresh medium, and incubated for 3 days at an optimal temperature for viral replication (33 °C for HRV16, and 37 °C for the remaining viruses). Subsequently, quantitative real time PCR was performed using TaqMan assays for each virus to measure replication after silencing target genes^c^"×"s represent cases where viral inhibition was inhibited by the indicated siRNAs by \>50 % relative to control siRNA transfectants in at duplicate independent assays

In gene-trap experiments with multiple viruses, RCC1-SNHG3, SNHG2, and TAF1D were the most frequently interrupted genes harboring SNORA/Ds. Gene-trap insertion sites within the RCC1-SNHG3 and SNHG2 loci are shown in Fig. [2](#Fig2){ref-type="fig"}. It should be noted that in non-biased selection of clones of murine embryonal stem cells infected with the same insertional vector (data not shown), RCC1-SNHG3 was not found to be a hot spot for insertional events. Therefore, it is unlikely that hot spots for vector insertion is the sole process that lead to 54 independently derived mutant RCC1-SNHG3 clones selected in cells surviving infection with five different viruses (Fig. [2](#Fig2){ref-type="fig"}; Table [1](#Tab1){ref-type="table"}). While siRNA confirmation suggest a role for SNORA73A, it may also be considered that the RCC1 gene shares exons with SNHG3, and disrupting SNHG3, perhaps in concert with disrupting SNORA73A, may transmit the resistance phenotype. Interestingly, the prominently represented genes SNHG1, SNHG2, and RCC1-SNHG3 are members of the 5′-terminal oligopyrimidine gene (5′TOP) family \[[@CR22]--[@CR24]\], which contain 4--15 oligopyrimidine tracts in their 5′ ends \[[@CR25]\] that regulate transcription and translation under conditions of growth arrest \[[@CR22], [@CR26]\]. SHNG2 has recently been found to also be associated with glucocorticoid receptor transcriptional regulation \[[@CR27]\], and inhibit cellular proliferation induced by the mammalian target of rapamycin (mTOR) \[[@CR28]\]. Thus, there may be processes that work in concert with translational repression that affect viruses capacity for replication. Further work is needed to define whether a role in virus infection is unique for the SHNG genes selected in clones resistant to multiple viruses. Given that SNORDs are encoded within abundantly expressed genes, such as ribosomal genes (Table [1](#Tab1){ref-type="table"}), high expression may be critical for their normal biological roles and in viral infection.Fig. 2**a** Gene disruptions within the RCC1, SNHG3, SNORA73A, and SNORA73B loci observed in clonal cell lines resisting lytic viral infection. The SNHG3 gene is a non-coding transcript that shares exons with the protein-coding RCC1 gene (highlighted in *green*). Introns are designated with *black text*, whereas SNHG3 exonic sequences not shared with RCC1 are shown in *red*. SNORA73A and SNORA73B are shown as the first and second intronic sequences highlighted in *yellow*, respectively. Gene-trap insertions were observed within introns, as well each of the above mentioned genes. Insertion sites are shown with single letters highlighted in *blue* (human cell lines resisting DFV2, FLU, HRV2, or HRV16 infection) or *red* (Vero E6 monkey cells resisting HSV2 infection). **b** SNHG2 and intervening SNORD sequences. Gene-trap insertion sites conferring resistance to pathogens are highlighted in *blue text*. In some cases, identical clones were recovered from viral selection in independent studies with more than one virus (viruses shown in Table [1](#Tab1){ref-type="table"}). Color coding in 5′ to 3′ orientation: *maroon*---SNORD44 and SNORD47; *light orange*---SNORDs 74--81; *light blue*---SNHG2 coding sequence; *black*---SNHG2 introns; *green*---adjacent 5′ and 3′ genomic sequence. Three SNORDs are within coding the sequence for GAS 5, namely SNORDs 47, 76, and 80 (Color figure online)

To our knowledge, this study is the first to show that disrupting or silencing expression of cellular C/D or H/ACA-class small nucleolar RNAs inhibits viral replication. However, emerging data is suggestive of their direct involvement in the process. For example, the Epstein--Barr viral genome encodes a SNORD (v-snoRNA-1), which is thought to target the viral polymerase \[[@CR29]\]. In addition, a recent study showed that several small nucleolar RNAs are differentially expressed following severe acute respiratory syndrome coronavirus and influenza virus infection \[[@CR30]\]. Indirect evidence suggests possible mechanisms whereby SNORAs and SNORDs may support replication. Several viruses including influenza, HIV-1, HSV2, and adeno-associated virus utilize the nucleolus (the cellular location of SNORAs and SNORDs) during specific stages of their replication cycle \[[@CR31]--[@CR34]\]. Interestingly, SNORAs and SNORDs are known to modify spliceosomal snoRNAs by pseudouridylation or methylation \[[@CR35]--[@CR39]\], which can be important for RNA splicing \[[@CR40]--[@CR43]\], and viral transcript splicing may depend upon host factors \[[@CR44]--[@CR48]\]. Thus, it is possible that SNORAs and SNORDs activate spliceosomal snoRNAs, which promotes the proper splicing and translation of essential viral proteins.

An alternative, though not mutually exclusive, hypothesis is that SNORDs may function in 5′-cap viral RNA maturation through 2′-*O*-ribose methylation to promote initiation of viral protein translation. In support of this hypothesis are observations that West Nile virus, vesicular stromatitis virus, and Dengue fever virus encode their own 2′-*O*-methyltransferases that modify 5′-cap structures accordingly, and that methyltransferase mutations are known to impair their replication \[[@CR49]--[@CR51]\]. Influenza A lacks a 2′-*O*-methyltransferase; however, it utilizes a "cap snatching" mechanism to acquire 5′-caps from cellular mRNAs \[[@CR52]\], which are potentially methylated by SNORDs. There are no reports that cellular methyltransferases effect 5′-cap methylation. Interestingly, the 2′-*O*-methyl group in the cap of cellular mRNAs also strongly influences its ability to act as primer for influenza virus RNA transcription \[[@CR53]\].

The discovery of these classes of non-coding genes prominently represented in the mutant clones selected in our virus surviving cell lines suggests an importance of SNORAs and SNORDs in facilitating viral replication. However, this study is not exhaustive in terms of the role each particular SNORA/D may have in viral infection. It is possible that the siRNAs used in our experiments inhibit not only the non-protein encoded RNAs but also the gene in which they reside. Selective in situ mutations in the encoding sequences will need to be performed in order to confirm each as the gene conferring the phenotype. It is anticipated that in future studies, the precise role that SNORAs and SNORDs play will be identified to provide a deeper understanding of the complex interplay at work during the viral-host standoff.
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